Linear i n d u c t i o n accelerators (LIAS) operating a t beam energies o f a few m i l l i o n e l e c t r o n v o l t s and currents o f a few thousand amperes are s u i t a b l e d r i v e r s f o r free-electron l a s e r s (FELs). Such l a s e r s are capable of producing gigawatts o f peak power and megawatts o f average power a t microwave frequencies. Such devices a r e being studied as p o s s i b l e power sources f o r f u t u r e high-gradi ent accelerators and are being constructed f o r plasma heating a p p l i c a t i o n s . A t h i g h power l e v e l s , t h e engineering design o f the i n t e r a c t i o n waveguide presents a challenge. paper discusses several concerns, i n c l u d i n g e l e c t r i c a l breakdown and metal fatigue 1 i m i t s , choice o f m a t e r i a l , and choice o f operating propagation mode. Also under c o n s t r u c t i o n f o r MTX ECR heating i s the wiggler and o t h e r hardware f o r upgrading IMP t o a 250-GHz, 8.0-GW (peak), 2.0-MW (average) c a p a b i l i t y . For ECR heating i n the Compact I g n i t i o n Tokamak (CIT) and the I n t e r n a t i o n a l Thermonuclear Experimental Reactor (ITER), FEL designs c a l l f o r driving-beam parameters o f 13-15 MeV, 3.0 kA. 70 ns. and 10 kHz. For CIT and ITER, such devices are t o generate about 14 GW (peak), 10 MW (average) a t 280 GHz and 10 GW (peak). 7.0 MW (average) a t 560 GHz, r e s p e c t i v e l y . through which t h e wiggled e l e c t r o n beam and the growing microwave f i e l d propagate. sized waveguide, t y p i c a l l y w i t h a s i z e o f a few centimeters. l e v e l s mentioned above, many questions a r i s e regarding t h e performance l i m i t a t i o n s , r e l i a b i l i t y , l i f e t i m e , and mechanical design o f t h i s key system component. Several o f these issues are examined below.
I n t r o d u c t i o n
This I n recent years, much work has gone on a t Lawrence Berkeley Laboratory (LBL) and a t Lawrence Livermore National Laboratory (LLNL) d i r e c t e d a t using LIA-driven FEL a m p l i f i e r s as high-power microwave sources f o r f u t u r e high-energy acceleratorsl-3 and f o r plasma heating applications.4-6 One design f o r a 17-GHz, 1-TeV electron-positron l i n e a r c o l l i d e d requires from each o f 553 FEL sections a peak output power l e v e l o f 5.0 GW and an average power l e v e l o f 54 kW. The Intense Microwave Prototype (IMP) FEL a t LLNL. nearing completion. i s designed t o produce a few gigawatts o f peak power a t 140 GHz. The IMP w i l l be used f o r e l e c t r o n c y c l o t r o n resonance (ECR) heating i n the Microwave Tokamak Experiment (MTX).
Also under c o n s t r u c t i o n f o r MTX ECR heating i s the wiggler and o t h e r hardware f o r upgrading IMP t o a 250-GHz, 8.0-GW (peak), 2.0-MW (average) c a p a b i l i t y . For ECR heating i n the Compact I g n i t i o n Tokamak (CIT) and the I n t e r n a t i o n a l Thermonuclear Experimental Reactor (ITER), FEL designs c a l l f o r driving-beam parameters o f 13-15 MeV, 3.0 kA. 70 ns. and 10 kHz. For CIT and ITER, such devices are t o generate about 14 GW (peak), 10 MW (average) a t 280 GHz and 10 GW (peak). 7.0 MW (average) a t 560 GHz, r e s p e c t i v e l y . through which t h e wiggled e l e c t r o n beam and the growing microwave f i e l d propagate. sized waveguide, t y p i c a l l y w i t h a s i z e o f a few centimeters. l e v e l s mentioned above, many questions a r i s e regarding t h e performance l i m i t a t i o n s , r e l i a b i l i t y , l i f e t i m e , and mechanical design o f t h i s key system component. Several o f these issues are examined below.
The FEL i n t e r a c t i o n waveguide ( I W ) i s the p i p e I t i s an over-A t the h i g h peak and average power I n t e r a c t i o n Waveauide Concerns Figure 1 shows t h e e l e c t r o n beam, e l e c t r i c f i e l d p a t t e r n , and mode commonly used i n single-pass FELs w i t h l i n e a r wigglers using c i r c u l a r -. e l l i p t i c a l -, o r rectangular-shaped IWs. These are shown o r i e n t e d f o r t h e usual h o r i z o n t a l wiggle motion o f the e l e c t r o n beam. A 3 x 10-cm rectangular I W used i n LLNL's ELF experiments produced -1.5-GW peak power a t 35 GHZ. i s a n a t u r a l f i r s t concern when d e a l i n g w i t h h i g h power waveguides. For t h e modes shown i n Fig. 1 , the peak power i s r e l a t e d t o t h e e l e c t r i c f i e l d i n vacuum . As can be seen, t h e peak E -f i e l d values c a l c u l g t e d i n t h e previous paragraph f a l l w e l l below t h e e l e c t r i c a l breakdown l i m i t . The more s t r i n g e n t l i m i t l i n e s shown on t h e f i g u r e , however, a r e governed by surface metal f a t i g u e , which we now address.
t o operate a t a h i g h r e p e t i t i o n r a t e , such as an FEL, t h e surface temperature i s b r i e f l y increased over the average b u l k temperature by an amount, AT, dependent on the o p e r a t i n g mode, t h e m a t e r i a l e l e c t r i c a l and thermal p r o p e r t i e s , t h e dimensions o f t h e structure, the peak pulsed power l e v e l , t h e pulse width, and any a c t i v e c o o l i n g t h a t i s e f f e c t i v e during t h e pulse.
This l a s t f a c t o r i s n e g l i g i b l e i n t h e short-pulsed devices under consideration. Because o f thermal expansion, t h i s temperature change puts metal surfaces under s i g n i f i c a n t compressive stress. This s i t u a t i o n i s analyzed i n d e t a i l elsewhere.9 The stress and temperature change are r e l a t e d as S t a r t i n g w i t h t h e f1/2 T-1/4
During each pulse o f any rf s t r u c t u r e designed Ea AT 
Modern metal-fatigue theory states t h a t when t h e y i e l d stress i s n o t exceeded, t h e r e i s o n l y e l a s t i c s t r a i n (i.e., no p l a s t i c s t r a i n ) and t h e r e f o r e t h e c y c l i c l i f e i s e s s e n t i a l l y i n f i n i t e . l O Whereas t h i s may be t r u e regarding
o v e r a l l sample f a i l u r e , no data known t o us o f f e r s assurance t h a t surface damage such as micro-cracking has n o t occurred. Such cracks with depths on t h e order o f a s k i n depth ( t y p i c a l l y ~1 . 0 pm) would n o t i c e a b l y increase t h e surface resistance and pulsed AT, leading t o runaway f a i l u r e .
A reasonable d e f i n i t i o n o f surface l i f e t i m e would t h e r e f o r e be t h e number o f cycles t o t h e onset o f micro-cracking.
To o u r knowledge, no r e l a t i o n s h i p has With E = 17 x 106 p s i , been established between t h i s newly-defined l i f e t i m e and sample-rupture l i f e t i m e shown i n f a t i g u e -t e s t summaries .
various types o f copper.11 T y p i c a l l y , t h e sample stress i s c y c l i c a l l y a l t e r n a t e d between compression and tension. Since such a t e s t i s much more severe than a c y c l i c compression-only t e s t , the allowable s t r e s s i s l i k e l y t o be higher than t h e r e s u l t s of a compression-tension t e s t would show, perhaps by 20-50%. However, h i g h average power devices w i l l probably operate w i t h a mean b u l k temperature i n t h e 100-150°C range, where t h e y i e l d s t r e s s i s 15-204 lower than a t roam temperature. copper (e.g., e l e c t r o l y t i c tough p i t c h , o r c o l d worked) can p e r m i t higher stresses and AT values. However, any annealing step during f a b r i c a t i o n w i l l , o f course. lower these values. Also, stress s o f t e n i n q o f such "hard" copper i s known t o occur and must be examined, For some FELs. e.g., IMP, a 108 c y c l e l i f e t i m e f o r t h e I W ma be acceptable. For others. a l i f e t i m e exceeding l O l r o r more may be required. Figure 3 i n d i c a t e s t h e l a r g e u n c e r t a i n t y i n l i f e t i m e beyond -lo7 cycles.
necessity o f choosing a s t r e s s s a f e t y f a c t o r w i t h no hard data upon which t o base t h e choice. Obviously, i t would be v e r y d e s i r a b l e t o have new stress-cycle l i f e t i m e data based on, say, a 10% increase i n surface resistance, o r microwave attenuation.
We
t h e peak energy density/pulse i n t h e IMP I W i s 0.07 J/cmZ/pulse. threshold f o r damage t o an uncoated copper m i r r o r (-0.5 J/cm21pulse) a t t h e 10.6-pm wavelength o f a CO2 l a s e r .
I n f o r m a t i o n p e r t a i n i n g t o a promising, r e l a t i v e l y new m a t e r i a l i s included i n Figs. 2 and 3. This i s type Cl571 512 d i spersion-strengthened copper, c a l l e d "GlidCop" by t h e manufacturer. I t permits an operating stress and AT several times OFHC values, has a r e s i s t i v i t y o n l y -9% higher than t h a t o f OFHC, and has a c o s t -3 times t h a t o f OFHC. Made w i t h 50-60 pm p a r t i c l e s o f A1203 dispersed throughout t h e copper, i t i s n o t l i k e l y t o have an e l e c t r i c a l breakdown t h r e s h o l d as h i g h as t h a t o f OFHC. As i n d i c a t e d by F i g . 2, however, t h e surface f a t i s u e l i m i t r a t h e r 
Annealed e l e c t r o l y t i c tough p i t c h copper than the breakdown l i m i t w i l l be dominant f o r many applications. The C17510 a l l o y shown i n Fig. 3 , i n c i d e n t a l l y , has a r e s i s t i v i t y -39% higher than t h a t o f copper and so i s not as i n t e r e s t i n g as G1 i dCop.
reference f a t i g u e l i m i t l i n e s are included f o r roomtemperature OFHC and GlidCop w i t h AT values o f 10°C and 68°C. respectively. A t frequencies above -25 GHz, experimental data i n d i c a t e s t h a t surface resistance values (and therefore AT values) are higher than t h e o r e t i c a l p r e d i c t i o n s . Empirically. i n t h i s frequency range, the f a t i g u e -l i m i t e d m ximum surface e l e c t r i c f i e l d i s seen t o scale as -f-a*7 f o r t h i s constant pulse-width case. These l i m i t l i n e s may be considered i n f i n i t e l i f e t i m e l i m i t s i f one i s somewhat o p t i m i s t i c . I n t h a t case, i f a l i f e t i m e o f o n l y 108 cycles i s s a t i s f a c t o r y , the l i n e s may be located higher on the f i g u r e . Apparently, no r e l e v a n t experimental data e x i s t s t o provide guidance f o r doing so. However, some guidance i s provided by pressure vessel codes which i n d i c a t e t h a t the stress need o n l y be scaled as the square r o o t o f the safety f a c t o r chosen f o r cycle l i f e t i m e . Fortunately, f o r the highest-power FELs where the u n c e r t a i n t i e s j u s t discussed are i n t o l e r a b l e . operation w i t h a c e r t a i n l e s s common b u t e s i r a b l e mode r e s u l t s i n a l a r e margin o f safety. 
